We have demonstrated a new particle acceleration mechanism using 800 nm laser radiation to accelerate relativistic electrons in a semi-infinite vacuum. The experimental demonstration is the first of its kind and is a proof-of-principle for the concept of laser-driven particle acceleration in a structure loaded vacuum. We observed up to 30 keV energy modulation over a distance of 1000λ and corresponding to a 40 MeV/m peak gradient.
New technologies have played a critical role in the evolution of particle accelerators [1] . Laser-driven particle acceleration in vacuum has been proposed as a future candidate particle acceleration scheme with potential for substantially increased accelerator gradients. Numerous designs for laser driven particle accelerator structures which range from wave-guiding schemes to semi-open free-space structures have been proposed and analyzed at a theoretical level. Our proof-of-principle experiment demonstrates this new laser acceleration mechanism that requires neither plasma, gas, nor wiggler to achieve energy coupling.
The proof-of-principle demonstration was carried out with the simplest possible configuration that allows testing the key physics. We employed a single Gaussian laser beam terminated by a single downstream boundary, resembling a configuration originally beam with the laser beam. However, in such a free space configuration the phase velocity of the laser beam is not matched to the velocity of the electrons, and in accordance to the Lawson-Woodward Theorem [4] the acceleration integrates to zero when the laserelectron interaction proceeds to infinity. The presence of a boundary limits the laser beam interaction with the electron beam and allows for non-zero energy exchange of the field with the electrons [5] .
As pointed out by Huang, Stupakov and Zolotorev [6] the energy gain found from the path integral of is equivalent to the energy gain predicted by Inverse Transition Radiation (ITR) and that it corresponds to the overlap integral of the laser field and the transition radiation from the boundary. However, due to its simplicity we employ the former calculation method for the energy gain estimates in this article. The electron beam traversed an 8 µm thick gold coated Kapton tape, which was illuminated at laser pulse energies above the damage threshold fluence of the 0.9 µm thick reflective gold coating. The laser beam fluences at which a modulation effect was visible ranged between 1-5 J/cm 2 .The precise evolution of the material ablation depends on an array of factors such as the air/vacuum environment, the type of material and the laser pulse properties. However, since the electron bunch and the laser pulse have a fewpsec duration only the very initial phase of the ablation process has a potential effect on the electron beam. It is known that for the ablation of metals from ultra-short laser pulses no free plasma has developed during the laser pulse and heat diffusion into the material is negligible [7] , hence the material retains its surface morphology during that time.
Reflectance measurements carried out by us confirmed the high reflectance of the gold coated Kapton tape for ablating laser pulse durations of up to 10 psec and showed a reflected spot with a similar profile to the incident spot, allowing us to establish that indeed the surface is momentarily preserved. Our measurements indicate that at most 20% of the incident laser pulse penetrated the Kapton medium.
Inside the Kapton medium (index of refraction η ~1.66) the slippage distance is 1.1 µm, and assuming that 20% of the laser power is transmitted into the medium we estimate an upper limit of 15 eV from possible Inverse Cherenkov Acceleration (ICA). The keV energy modulations we observe cannot be accounted for ICA in the Kapton medium.
A high resolution 90° bending magnet located downstream of the laser-electron interaction region was employed to observe the energy spectrum of the electron beam.
Since the electron beam was not optically bunched the electron beam was spread over all possible laser optical phases and hence the laser-driven particle acceleration effect manifested itself as an increase of the energy spread of the electron beam in the presence of the laser beam. Figure 2 shows the observed electron bunch energy broadening at optimum overlap with the laser beam. Electrons were assumed to be evenly distributed over all optical phases of the laser beam.
At the condition of best temporal overlap the model found that ,where is the peak energy gain caused by the laser-driven particle acceleration. Due to the low bunch charge space charge effects were not included. We present three measurements that confirmed the behaviour expected from theory. We 
